The municipal sewage sludge typically has very high water content and low shear strength. Conventional methods of lime and cement solidification of municipal sewage sludge often suffer high cost, significant drying shrinkage, frequent cracking, high hydraulic conductivity, and low strength. To overcome these shortcomings, in this paper a skeleton-building method was used to solidify municipal sewage sludge in which coal gangue, cement and clay, and fiber were used as skeleton materials, cementation materials, and filling materials, respectively. Comprehensive laboratory tests including cracking, nitrogen adsorption, triaxial shearing, and permeability tests were performed to determine cracking, pore structure, shear strength, and hydraulic conductivity of municipal sewage sludge solidified with different proportions of coal gangue, cement, fiber, and clay. Based upon the experimental results, the mechanisms of the skeleton building using cement and coal gangue were discussed and factors controlling the mechanical and hydraulic behavior of the solidified soils were analyzed at both microscopic and macroscopic levels. Based upon the test results and analyses, recommendations were made for solidifying municipal sewage sludge through skeleton building using cement and coal gangue. The solidified soils have high soil strength, high resistance to cracking, and low hydraulic conductivity which are sufficient for being used as landfill liner.
Introduction
The amount of both municipal and industrial solid waste has significantly increased with the rapid urbanization in China. Among these wastes, municipal sludge and coal gangue are typical. The quantity of wastewater discharge has reached 440 × 10 8 m 3 /day in 2010 and is expected to reach 536 × 10 8 m 3 /day till 2020. Wastewater often contains 0.3%-0.5% sewage sludge. The total amount of coal gangue produced around the world is more than 50 × 10 8 ton per year. In China only the total volume of disposed coal gangue is 20 × 10 8 ton per year, which occupies more than 6,670 ha of land. Municipal sewage sludge consists of high contents of water and organic matter, which lead to very low soil strength. In the meantime, coal gangue contains plenty of inorganic salts, low moisture content, and high shear strength. Both materials contain certain amount of heavy metal substance, which can result in contamination to the environment and occupation of agricultural land if not properly handled.
Land disposal has been the most commonly used method to treat municipal sludge and coal gangue. Although landfills can accept a variety of waste that could contain a mixture of organic and inorganic hazardous constituents, poorly constructed landfills and migration of leachate from landfills pose a serious threat to the environment and public safety. Due to its extremely high water content and low strength, to ensure landfill stability, the sludge should be solidified or stabilized before disposal. Cement, lime, and clay are traditional materials used to solidify sludge [1, 2] . However, the cost for the solidification are often prohibitively high and the treated sludge after solidification/stabilization (S/S) often exhibits significant drying shrinkage, frequent cracking, high hydraulic conductivity, and low strength. Many attempts have been made to solidify sewage sludge using burned ash of 2 Advances in Materials Science and Engineering rubbish, slag, and coal ash [3, 4] , but all of them are not very successful with similar high cost and low strength as well as other similar issues.
To overcome these shortcomings, recently some researchers proposed use of cement and waste materials with large particle sizes such as lignite and seafood shell, to form soil skeleton to solidify sludge, in order to reduce drying shrinkage and cracking, and to improve soil strength. The proposed method is very attractive due to its advantage of using one waste material to solidify another waste material. Preliminary test results indicated that the proposed method was promising and the obtained improvement in soil properties was significant [5] . For example, Dong et al. [6] used shells of walnut to solidify municipal sludge and significantly reduced the moisture content of the treated sludge from 97.5% to 63.6%. However, due to the limited availability of the material, the method cannot be extensively used. Lee et al. [7] used cement and shell from seafood waste as conditioner to treat sludge. It was found that powder of seafood shell can significantly reduce the hydraulic conductivity and moisture content of the treated sludge. Kim et al. [8] explored the feasibility of using steel converter slag and lime to build soils skeleton to improve the shear strength of solidified municipal sludge. Experimental results indicated that the solidified municipal sludge had high shear strength and low permeability. However, the cost for the treatment was still high and possible cracking during drying process was not evaluated. Thapa et al. [9] proposed use of lignite to build soil skeleton to improve the mechanical performance and the dewatering efficiency of solidified sludge. Although preliminary test results indicating that the skeleton-building method for municipal sludge solidification is a promising technique, there is still a lack of complete understanding of the mechanism of skeleton-building method as well as hydraulic and mechanical behavior as well as microstructure of consolidated sludge. Consequently there is a great need for research in this area.
In this study, the skeleton-building method was used to solidify municipal sewage sludge in which coal gangue was used as skeleton material and cement, clay, and fiber were used as cementation and filling materials. Comprehensive laboratory tests including cracking, nitrogen adsorption, triaxial shearing, and permeability tests were performed to determine cracking, pore structure, shear strength, and hydraulic conductivity of municipal sewage sludge solidified with different proportions of coal gangue, cement, fiber and clay. Based upon the experimental results, the mechanisms of the skeleton building using cement and coal gangue were discussed and factors controlling the mechanical and hydraulic behavior of the solidified soils were analyzed at both microscopic and macroscopic levels. Based upon the test results and analyses, recommendations were made for solidifying municipal sewage sludge through skeleton building using cement and coal gangue.
Test Materials and Methods

Test Materials.
The sewage sludge used in this study was obtained from the Wuhan Hanxi sewage treatment plant. The physical and chemical characteristics of the sewage sludge are shown in Table 1 . The coal gangue used in this study was obtained from the Fuxin Open-Pit Coal Mine of Liaoning Province, China. Before being used, the coal gangue was broken into particles with a diameter size ranging from 1.0 and 3.0 mm using a grinding mill. The clay used was obtained from a construction site near Changqing Huayuan in Wuhan, Hubei Province, China. The cement used in the study was 425 ordinary Portland cement produced by Tanshang Jidong Cement Co., Ltd. (the compressive strength of the cement is 42.5 MPa). The chemical components of the coal gangue, clay, and cement are listed in Table 2. Table 3 shows the physical characteristics of the clay. The fiber used in the study was purchased from Wantai Engineering Material Co., Ltd. at Laiwu City of Shandong Province, China. Table 4 illustrates the basic physical characteristics of the fiber.
Experimental Design and Sample Preparation.
As discussed previously, cement, coal gangue, clay, and fiber were used to solidify sewage sludge. The extensively used orthogonal design method was used to evaluate the effectiveness of the above-mentioned four different constituents on the performance of the solidified sewage sludge. A total of 9 mix designs were used as shown in Table 5 . For each constituent, three different levels of treatments were applied: for a test sample with a total mass of 1000 gram (column 2 in Table 5) , 50, 100, and 150 g/kg were used for cement addition, which is shown in the 3rd column of Table 5 . For coal gangue, the three levels were 100, 150, and 200 g/kg (column 4 in Table 5 ), while for fiber and clay, the values were 1, 2, and 3 g/kg, and 0, 50, and 100 g/kg (columns 5 and 6 in Table 5 ), respectively. The mass of the sewage sludge in each test sample is the difference between 1000 gram of total mass and the sum of the mass of the added constituents as shown in the 6th column of Table 5 . For sample preparation, 2 kg sludge was first placed in the NJ-160 mixer and mixed at a rate of 60 r/minute for 10 minutes to ensure the uniformity of the material. According to mix design as shown in Table 5 , different masses of cement, coal gangue, clay, and fiber with different contents were added in proportion to the sewage sludge. After that, the mixture was mixed at a rate of 120 r/minute for 20 minutes. The mixed materials were then transported to molds for curing.
For shrinkage and cracking tests, consolidation cutting rings were used, which have a diameter of 6.18 cm and a height of 2 cm. During curing period, the specimen weight was measured using a digital balance from which moisture contents were determined. Surface cracks of samples were monitored using a digital microscope camera with a ×10 magnification ratio (Figure 1 ). The cracking intensity factor (CIF), which is the ratio of the area of cracks to the total surface area of the solidified sample [10, 11] , was used to quantify the surface cracking of samples. The color of the uncracked area was brighter than that of the cracked area. The differences in grayscale were used to calculate the CIF through a Digital Microscopy Image Analysis software.
A JW-BK static nitrogen adsorption instrument (Beijing JWGB Sci. & Tech. Co., Ltd.) was used to measure the pore structure of samples during different curing stages. The instrument measured the static adsorption isotherms at the saturation temperature of liquid nitrogen. The relative pressure ranged from 0 to 0.99. Twenty-two specific pressure points were used for the isothermal absorption, and another 22 specific pressure spots were applied for isothermal desorption to detect the specific area, pore diameter, and pore volume distribution of clay particles [12] .
Triaxial tests were used to evaluate the shear strength of the solidified sludge. During the sample preparation, the soil mixture was first transported to a plastic cylinder of 10 cm in diameter and 18 cm in height and cured for at least 72 hours. After that the solidified sludge was taken out and then trimmed to samples with diameters and heights of samples 7 and 14 cm, respectively, for consolidated-undrained triaxial shearing testing. The solidified sludge samples were tested to failure under three different confining pressures of 50, 100, and 150 kPa. The shear rate was controlled at a rate of 0.05% per minute. Failure was defined as the maximum volumetric and deviatoric strains of 5% and 15%, respectively, whichever reached the first.
The flexible wall permeameter produced by GEOEQUIP Inc. was used to measure the hydraulic conductivity of the solidified sludge. The same plastic cylinder used for the triaxial shearing tests were used for same preparations. After being cured for at least 72 hours, the solidified sludge was taken out and then trimmed to soil samples with diameters and heights of samples 5 cm and 10 cm, respectively, for the hydraulic conductivity tests. A confining pressure of 500 kPa and back pressure of 300 kPa were used to saturate the soils sample until the discharge pipe without bubbles was generated. Constant head permeability tests were performed. The outflow water was collected in a beaker every three hours. It was considered that seepage flow reached steady state until three consecutive measurements were identical. The hydraulic conductivity of the solidified sludge was then calculated accordingly. Figure 2 shows the typical crack developments at different times for two solidified samples (Samples 6 and 9). Sample 6 experienced the most serious cracking as shown in Figure 2 (a), while Sample 9 exhibited essentially no cracking as shown in Figure 2 (b). As can be seen in Figure 2 (a), after three days of drying, the solidified sewage sludge separated from the cutting ring due to drying shrinkage. Small cracks also appeared at the edge of the samples. The soil sample shrunk more after 7 days of drying, and the cracks grew from the edge to the center, although not Table 5 : Relative amount of each constituent in the solidified sewage sludge (g).
Results and Discussion
Crack Development.
Sample
Total mass Cement  Gangue  Fiber  Clay  Sludge  1  1000  50  100  1  0  849  2  1000  50  150  2  50  748  3  1000  50  200  3  100  647  4  1000  100  100  2  100  698  5  1000  100  150  3  0  747  6  1000  100  200  1  50  649  7  1000  150  100  3  50  697  8  1000  150  150  1  100  599  9 1000 150 200 2 0 648 very obvious. After 28 days of drying, a lot of cracks occurred with much larger widths and depths.
In contrast, Sample 9 exhibited essentially no cracks during the whole 28 days of drying process. The solidified soil sample did shrink to some degree, but with much smaller magnitude compared with Sample 6. Figure 3 illustrates the variations of moisture content of 9 solidified sewage sludge samples with time during drying process. As can be seen from Figure 3 , the moisture contents of all samples decreased quickly during the first 12 days and became stable after that. The initial moisture contents varied from 150.48% to 99.19%. After 12 days, the moisture contents ranged from 48.28% to 24.03%. Moisture contents of all samples finally stabilized at 21.16%-24.21% on the 28th day of the drying period. Among the samples, the moisture content of Sample 1 was constantly the largest. It was also the one which had the quickest reduction in moisture contents in the first 12 days. The moisture content of Samples 2 and 3 was smaller than that of Sample 1. The moisture contents of Samples 8 and 9 decreased from 104.32% to 21.16%, which were smaller than any other samples with different treatments. Figure 4 presents changes in the area contraction ratio with time during the drying process. The area contraction ratio of a soil sample is defined as the ratio of reduction in the area to the original area of soil sample. The area contraction ratios of all samples increased with time during drying. During the first 10-12 days, the area contraction ratios quickly increased from the range of 0.09%-0.82% to 2.79%-7.77%. Between the 12th and 28th day of the drying period, the increases in the area contraction ratios slowed down, ranging from 2.79%-7.77% to 5.74%-11.03%. Among all the samples, the area contraction ratio of Sample 1 had the quickest increasing rate, reaching the maximum value of 11.03% on the 28th day. Sample 9 always had the smallest increase in the area contraction ratio, with a value of 5.74% on the 28th day.
Water in the solidified sewage sludge was mainly from the water in the sewage sludge. The higher the sewage sludge content was, the higher the initial moisture content would be. The shrinkage of the solidified sewage sludge was mainly caused by loss of water. The larger the loss of water, the larger the shrinkage would be. The magnitude of shrinkage of the solidified sewage sludge during drying depended upon the relative amounts of gangue, cement, and clay, which formed the skeleton of solidified soils through hydration reaction. If the content of inorganic matter was high, then the hydration reaction of cement could be accelerated [13] . The cement and clay hydration processes will reduce the amount of water available for evaporation during drying, which in turn reduce the shrinkage. It was considered that fiber could increase the soil strength and reduce the cracking during drying but did not have effect on reducing drying shrinkage.
That being said, the results as presented by Figures 3 and  4 are reasonable. Among all soil samples, Sample 1 contained the largest content of sewage sludge and the least amounts of gangue, cement, and clay. Consequently, it had the largest initial water content as shown in Figure 3 . Due to the fact that it had the largest water-cement ratio, the hydration reaction of cement was weaker. Consequently more water was available for evaporation during drying process. Less coal gangue also led to insufficient skeleton effect to prevent drying shrinkage. All these resulted in the largest water loss and drying shrinkage as shown in Figures 3 and 4 . By contrast, Samples 8 and 9 contained the least content of sewage sludge and subsequently much smaller initial water content. They also had the largest amount of cement, which consumed more water during cement hydration process. The percentages of gangue in mass were also among the highest for the two samples, which could effectively form soils skeleton to prevent drying shrinkage [14] . Consequently, they had the smallest area contraction ratios with time during drying as shown in Figure 4 .
The variations of cracking intensity factor (CIF) of the solidified sewage sludge with time during drying are presented in Figure 5 . The CIF of samples with different mix proportions generally increased with the drying time. Among all samples, the CIF of Sample 6 increased most significantly and was much larger than any other samples. It reached the maximum value of 0.0323 on the 30th day. The CIF values were the smallest for Samples 8 and 9 and did not change significantly during the drying. The CIF of Samples 8 and 9 were 0.0031 and 0.0023, respectively, on the 28th day, indicating that very few cracks were generated.
The CIF of Sample 1 was similar to those of Samples 8 and 9 between 0 and 18 days of drying, but continued to slowly increase after that, indicating there were still small cracking occurrences after long time of drying process. As shown in Table 5 , Sample 1 had the highest water-cement ratio and the lowest contents of gangue and fiber. Figure 3 indicates that the sample had a significant amount of water loss. Figure 4 indicates that it had the largest area contraction ratio. All these indicate that, in sample, the amount of gangue and cement was not sufficient to generate a soil skeleton which can significantly prevent the drying shrinkage. The decrease in the solidified sludge volume was caused by a relatively uniform loss of water, which led to very few cracking occurrences. Due to the much less cement hydration reaction, the drying shrinkage lasted for a long period of drying process and cracking occurrences, although very few, continued for a long time.
For Samples 2, 3, 4, 5, and 7, the final cracking intensity factors were nearly the same. The CIF of Sample 2 constantly increased during the entire drying process, whereas those of Samples 3, 4, 5, and 7 quickly increased initially, reached the maximum value between the 10th and 14th day, and then slightly decreased to certain constant values. While Sample 2 was similar to Sample 1, the reduction in the CIF in Samples 3, 4, 5, and 7 was caused by partial healing of cracks due to drying shrinkage of the solidified samples.
During the drying process, Sample 6 always had the highest CIF. This is mainly attributed to the fact that Sample 6 had the highest content of coal gangue and relatively less amount of cement, fiber, and clay. The gelatinous substance (CSH) produced by hydration reaction of cement was not sufficient to fill the pores in the solid skeleton formed by the coal gangue, nor did it result in effective bonding between the hydration products and hydrophilic polypropylene fiber and coal gangue [15] . Consequently, the cementation effect formed in the solidified sludge was more of a small-area contact bonding, which was fairly weak and more inclined to cracking during drying shrinkage. In contrast, although Samples 8 and 9 had the same high contents of coal gangue, they contained higher contents of cement and clay. The coal gangue formed a soil skeleton with relatively large pore size, which were filled, and more importantly, cemented by the gelatinous substance (CSH) produced by hydration reaction of cement and the clay. The strong cementation effect can form a very strong soil skeleton which had low hydraulic conductivities and can effectively resist the cracking caused by drying shrinkage and external forces. Considering that Samples 4, 7, 8, and 9 had the best overall performances in solidification, only results for these 4 samples were presented for further discussions in terms of pore, shear strength, and hydraulic conductivity, while the rest of solidified samples were not considered in the following sections.
3.2.
Pores. The adsorption-desorption curves at different curing times were similar for all solidified samples (i.e., Samples 4, 7, 8, and 9). Thus, Sample 4 were selected as a representative of all solidified samples to demonstrate the changes in adsorption-desorption curves for the soils at different curing times, which is shown in Figure 6 . As can be seen in Figure 6 , the adsorption curve of Sample 4 coincided with its desorption curve when relative pressure ratio ( / 0 ) ranged from 0 to 0.3, where is the partial pressure of nitrogen and 0 is the saturated vapor pressure of liquid nitrogen. When / 0 was larger than 0.35, the adsorptiondesorption curves at different curing times exhibited some typical H 2 hysteresis loops [16] . The hysteresis loop of Sample 4 was the largest at the end of three days of curing and continuously decreased as the curing time increased. Figure 7 (a) shows the relationship between differential pore volume and the equivalent pore diameter of Sample 4 at different curing times. Figure 7(b) shows the relationship between the cumulative pore volume and the equivalent pore diameters for Sample 4 at different curing times. As can be seen in Figure 7 (a), all the pores in Sample 4 had pore sizes ranging from 1.7 nm and 8.5 nm, which can be classified as micropore and mesopore [17] . At the end of three days of curing, the pore sizes were mainly ranging from 3 to 7.8 nm. Two peak values were identified on the pore distribution curve, with approximate pore sizes of 2.0 and 3.2 nm, respectively. As the curing time continued to the end of seven days, there were three peaks on the pore distribution curve, with equivalent pore diameters of 2.13 nm, 3.5 nm, and 7.77 nm, respectively. It was clear that the number of pores ranging from 3.5 nm to 6.5 nm was reduced. At the end of 14 days of curing time, a centralized tendency of the peak value of the distribution curve presented and formed a low and two high peaks. The low peak appeared at 1.5-2.5 nm, and the two high peaks appeared at 3-4.5 and 7-8 nm. The low peak at 1-2 nm became more centralized on 14th day than on the 7th day; the peak became smaller on the 28th day of the curing period. The high peak at 3-4.5 nm became more centralized as the curing period continued. The high peak at 7-8 nm lowered on the 28th day of the curing period. It is also noted that, at the end of 14 days of curing, the number of pore with pore sizes varying from 5 nm to 6.5 nm increased, which was likely due to the drying cracking during the curing process. Figure 8 shows the changes in the total pore volume with curing times for different solidified sludge. As can be seen in Figure 8 , the total pore volumes for all solidified soils decreased with an increase in the curing time. The reductions were significant at the intimal stage of the curing, and slowed down with curing time. Sample 9 had the largest initial pore volume, and Sample 4 had the smallest total pore volume. Finally all solidified soils reached near the same final total pore volume. Figure 9 illustrates the changes in the specific surface areas with curing times for different solidified sludge, which are similar to those in Figure 8 . The total pore volume and specific surface area of Sample 9 decreased from the range between 0.89 cm 3 /g and 0.06 cm 2 /g on third day to 0.40 cm 3 /g and 0.02 cm 2 /g on the 28th day during the curing period, respectively. The total pore volume and specific surface area of Samples 7 and 8 were both smaller than those of Sample 9. On the third day of curing, total pore volume of Samples 7 and 8 were 0.60 and 0.64 cm 3 /g, respectively. The specific surface area of Samples 7 and 8 were 0.03 and 0.04 cm 2 /g, respectively. However, on the 28th day of curing, the total pore volume of Samples 7 and 8 declined to 0.37 and 0.38 cm 3 /g, and their specific surface area also declined to 0.01 and 0.01 cm 2 /g, respectively. The total pore volume of Sample 4 was the smallest, and it declined to 0.36 cm 3 /g on the 28th day of curing.
The changes in the hysteresis loop, pore volume curve, and specific surface area could be explained as follows. First, at the very beginning of the curing period, the soil skeleton was mainly dominated by the coal gangue. The hydration reaction was not fully developed and the filling effect of the hydration product on the soil skeleton was insignificant or negligible. As the curing continued, some of the cement started hydration reaction. This generated nucleation between the CSH and hydration product (e.g., calcium hydroxide), which also encapsulated some clay particles. This process filled some of the mesopores and resulted in reductions in the pore volumes and specific surface area of the mesopores [18] . Second, part of the calcium hydroxide produced in the hydration reaction process reacted with the carbon dioxide in air and produced insoluble calcium carbonate, which filled some of the mesopores and resulted in decreases in the pore volumes of the mesopores. Third, during the curing period, cement reacted with water in the clay and resulted in drying shrinkage, which also led to reductions in the pore sizes of the solidified sludge. Fourth, during the drying process, there might be cracking due to drying shrinkage, which could potentially increase the pore sizes and total pore volume. Figure 10 presents the deviator stress versus axial strain curves of Sample 4 at different curing times. Three different levels of confining pressure were used to evaluate the shear strength of Sample 4 at different curing times, which were 50, 100, and 150 kPa, respectively. Figures  10(a), 10(b) , and 10(c) indicate that, at the end of the 3rd, 7th, and 14th day of the curing period, the axial strain increased quickly with the increases in the deviator stress in the range from 0% to 4% and then stabilized to constant values in the range from 4% to 11%, which belonged to typical strain-hardening similar to normally consolidated clays or loose sand. In contrast, at the end of the 28th day of the curing period, the behavior of Sample 4 exhibited a typical strain-softening behavior similar to overconsolidated clays or densely compacted sand. The deviator stress increased with an increase in the a axial strain in the range from 0% to 3%, reached peaks at strains between 3% and 3.5%, and then decreased with the increase in the a axial strain in the range from 3.5% to 11%. The strain-softening effect increased with a decrease in the confining pressure.
Shear Strength.
The changes in the stress-strain behavior of Sample 4 at different curing times can be explained as follows. At the initial stages of curing, the hydration of the cement was not fully developed. The soil skeleton was formed by coal gangue, fiber, and small amount of CSH generated by cement hydration. There was little bonding effect between these constituents and they can move relatively easily under deviator stress and exhibit strain-hardening behavior similar to normally consolidated clays or loose sand. At the end of the 28th day as shown in Figure 10(d) , when curing reached a certain extent, the cement hydration reaction was fully developed. There was sufficient CSH to provide cementation to bond different constituents together to form strong soil skeleton just like the cementation effect typically existing in overconsolidated soils [19, 20] . Figure 11 presents the relationship between cohesion (c) of the solidified sewage sludge samples (4, 7, 8, and 9 ) and the curing times. As can be seen in Figure 11 , cohesions for all the solidified sewage sludge samples increased with the curing time. The changes in cohesions of the solidified sewage sludge samples were insignificant in the first seven days, and then increased significantly after that. Sample 8 had the largest increase in the cohesion, varying from 14.8 to 55.4 kPa. It was followed by Sample 4, changing from 12.6 to 45.8 kPa. The increases in cohesion for Sample 9 were much smaller, while Sample 7 had the least increases from 11.2 to 19.8 kPa. Figure 12 illustrates changes in the internal frictional angle ( ) of the four solidified sewage sludge samples as a function of the curing times. It was found that the internal frictional angle ( ) of the four solidified sewage sludge samples increased nearly linearly with the curing times. Although there were small differences in the internal frictional angle ( ) between Samples 4 and 7 and Samples 8 and 9 at the end of 14 days of curing, overall the changes in the internal frictional angle ( ) of the four solidified sewage sludge samples were very similar.
The increases in the cohesion and internal frictional angle of the solidified sewage sludge samples were mainly caused by the cementation as well as formation of the new and stronger soil skeleton during the cement hydration process. The movements of soil particles were restrained by the cementation inside the sample, thus controlling the cracking of the samples [21] . At the initial stages of the curing, the hydration reaction of the cement was not fully developed, the solidified sewage sludge samples still had high content of water and the cementation and frictional resistance inside the soil were weak. Hence, both the cohesions and internal frictional angle of the solidified sewage sludge samples were small. As time went, the water contents in the solidified sewage sludge samples declined due to cement hydration process. In the meantime, the CSH generated by cement hydration started to bond different constituents in the solidified soils together to form stronger new soil skeleton. Both effects can result in increases in the cohesion, internal frictional angle, and therefore the soil shear strength. The cohesion of Sample 8 was the highest among all solidified soils at the end of 28 days of curing because the content of sewage sludge was relatively low and the contents of cement and clay were high. When the hydration reaction was completely finished, the hydration product effectively cemented fiber and coal gangue together [22] . The internal friction angles of all solidified soils were relatively large, the interlocking force between particles strengthened and the cementation between CSH was restrained. Samples with larger cohesive and internal friction angle (i.e., Samples 7, 8, and 9) effectively inhibited the consolidated sludge cracking as discussed previously.
As discussed previously, CIF indicates the number and magnitudes of cracks in the soil samples. More cracks in the soil samples often imply lower soil strength (cohesion and internal frictional angle). Figure 13 shows the relationship between cohesion, internal friction angle and cracking intensity factors for different solidified sludge samples at different curing times. Figure 13 shows that for Samples 7, 8, and 9, the CIF, increased with curing time. For Sample 4, the CIF first increased with curing times in the first 14 days of curing, and then decreased with curing time after that. The cohesions and internal frictional angles for all of the four solidified samples increased with curing time. At the first glance, a conclusion might be drawn that the cohesions and internal frictional angles of the solidified soils increased with the CIF, which is conflicting with the common sense as mentioned above. An in-depth analysis indicates Figure 13 is reasonable since there were two factors influenced the cohesions and internal frictional angles of the solidified sludge: one is cementation caused by the cement hydration process, which led to increases in the cohesions and internal frictional angles with curing time; the other is cracking occurrence in the solidified sludge, which resulted in decreases in shear strength [23] . The final results depended upon the combined effect of these two effects. Figure 13 indicates that, during the curing process, the cementation caused by the cement hydration process was dominant in controlling the shear strength of the solidified sludge. Figure 14 shows the hydraulic conductivities of the four solidified sewage sludge at different curing times. Figure 14 indicates that hydraulic conductivities of the four solidified sewage sludge decreased as the curing time increased. The reductions in the hydraulic conductivities were initially rapid and then slowed down. Compared with other solidified sludge, the hydraulic conductivities of Sample 9 were the largest at all different curing times, whereas those of Sample 4 were always the smallest. The hydraulic conductivities of Samples 7 and 8 were between those of Samples 4 and 9 at the same curing period. As can be seen in Figure 14 , when the curing time was less than 7 days, the hydraulic conductivities of Sample 7 were higher than those of Sample 8. After 7 days of curing, the hydraulic conductivities of Sample 7 were lower than those of Sample 8 at the same curing time.
Hydraulic Conductivity.
The hydraulic conductivities of the solidified sewage sludge at different curing time are related to constituents of the mixers and the hydration processes of clay and cement. At the initial stage of curing, the pore volumes in the solidified soils were dominated by the soil skeletons formed by the coal gangue when the cement was not fully hydrated. As can be seen in Table 5 , Sample 9 had the highest content of coal gangue (20% by weight) and therefore the highest hydraulic conductivity at the end of three days of curing. It was followed by Sample 8 (15% of coal gangue by weight) and then Sample 7 (10% of coal gangue by weight), so were their initial hydraulic conductivities. Samples 7 and 4 had the same content of 10% of coal gangue by weight, which supposed to have the same hydraulic conductivity. However, the initial hydraulic conductivity of Sample 4 was lower than that of Sample 7 due to its higher clay content of 10% by weight. Clay could absorb water relatively quickly during its hydration (wetting) process. Consequently, it can dehydrate the sewage sludge to cause drying shrinkage. This can result in smaller pore size and lower hydraulic conductivity. As the curing proceeded, the cement hydration reaction was fully developed. The generated CSH and insoluble calcium carbonate can fill the pores in the soil skeleton and to provide cementation to bond different constituents together to form new soil skeleton with smaller pore sizes. Consequently, the hydraulic conductivities of the solidified soils decreased with the increasing curing times. Another factor which influenced the cement hydration process was the clay content. Clay can facilitate the hydration reaction of cement by interacting with the inorganic matter in the sewage sludge. This might be the reason why after 7 days of curing, the decrease in hydraulic conductivity for Sample 8 with 10% of clay content accelerated compared with Sample 7 with 5% of clay content. At the end of three days of curing, the hydraulic conductivities of Samples 9 and 4 were 2.9 × 10 −7 cm/s and 1.4 × 10 −6 cm/s, respectively. On the 28th day of curing, the hydraulic conductivities of Samples 9 and 4 were 3.1 × 10 −8 and 2.9 × 10 −7 cm/s, respectively. During the entire curing period, the hydraulic conductivities of Samples 7 and 8 declined from 6.4 × 10 −7 -9.1 × 10 −7 to 4.5 × 10 −8 -6.4 × 10 −8 cm/s, respectively. At the end of 28 days of curing, Samples 4, 7, and 8 had hydraulic conductivities of less than 1 × 10 −7 cm/s, which satisfied the permeability requirement of the landfill liner structure, and can be used in landfill structure [24] . Figure 15 shows the relationship between the hydraulic conductivities of the solidified sludge and the total pore volumes at different curing times. Figure 15 indicates that the total pore volumes of all solidified sludge samples decreased with increases in the curing times, which was consistent with the previous analyses. In the meantime, the logarithms of the hydraulic conductivities were nearly linearly proportional to the increases in the total pore volume, which is completely reasonable since hydraulic conductivity is a measurement of how easily water can flow through the soil. The larger the pore size, the less resistances the water will experience when flow through the soils and the higher hydraulic conductivity. It is also found in Figure 15 that at the same total pore volume, the hydraulic conductivities for different solidified samples were different. This is reasonable since hydraulic conductivity is not only dependent upon the total pore volume, but also the pore size distribution. If the microstructures of the solidified soils were different, their hydraulic conductivities will be different. For example, as discussed previously, Sample 9 had the highest content of coal gangue, which likely formed a soil skeleton with fewer but larger pore sizes and led to higher hydraulic conductivity, while, for Sample 4, it has the lowest content of coal gangue but high cement and clay content, and it was more inclined to form a soil skeleton with more micropores with smaller pore size. At the same total pore volume, water is much easier to flow through soils with larger pore sizes, which implies a higher hydraulic conductivity.
Conclusions
This paper evaluated the feasibility of using a skeleton-building method to solidify municipal sewage sludge in which coal gangue was used as skeleton material and cement, clay, and fiber were used as cementation and filling materials. Comprehensive tests including shrinkage and cracking, nitrogen adsorption, triaxial shearing and the flexible wall permeability tests were performed to evaluate the hydraulic and mechanical behavior of municipal sewage sludge solidified with different proportions of coal gangue, cement, clay, and fiber at both the macroscopic and microstructural levels. Based upon the test results and analyses, the following conclusions are drawn:
(1) The proposed mix design for solidifying municipal sewage sludge through the skeleton-building method by using the coal gangue, cement, clay, and fiber significantly reduced moisture content from initial value of higher than 100% to final value of less than 25%. The area contraction ratio and crack intensity factors of the all solidified soils generally increased with curing time.
(2) The changes in the hysteresis loop, pore volume curve, and specific surface area were related to the cement hydration process during curing. The adsorptiondesorption curves at different curing times were similar for all solidified samples. The adsorption curve coincided with its desorption curve when relative pressure ratio ( / 0 ) was small (from 0 to 0.3). When / 0 was larger, the adsorption-desorption curves at different curing times exhibited some typical H 2 hysteresis loops. The total pore volumes for all solidified soils decreased with an increase in the curing time. The reductions were significant at the initial stage of the curing, and slowed down with curing time. Finally all solidified soils reached near the same final total pore volume. The specific surface areas for different solidified sludge decreased with an increase in the curing time in a similar way.
(3) At the initial stage of the curing, the solidified sludge exhibited typical strain-hardening behavior similar to normally consolidated clays. At the end of the curing period, the solidified sludge exhibited strain-softening behavior similar to overly consolidated clays. Both cohesions and internal frictional angles of the solidified sludge increased with curing time. The increases in cohesions of the solidified sludge were insignificant in the first seven days, and then increased significantly after that. The internal frictional angle ( ) of the solidified sewage sludge samples increased nearly linearly with the curing times.
(4) The hydraulic conductivities of the solidified sewage sludge decreased as the curing time increased. The logarithms of the hydraulic conductivities were nearly linearly proportional to the increases in the total pore volume. The hydraulic conductivities of the solidified sewage sludge at different curing time are related to constituents of the mixers and the hydration processes of clay and cement. If the microstructures of the solidified soils were different, their hydraulic conductivities will also be different. Sample 9 had the highest content of coal gangue, which likely formed a soil skeleton with fewer but larger pore sizes and led to higher hydraulic conductivity, while, for Sample 4, it has the lowest content of coal gangue but high cement and clay content, and it was more inclined to form a soil skeleton with more micropores with smaller pore size and therefore lower hydraulic conductivity. At the same total pore volume, water is much easier to flow through soils with larger pore sizes, which implies a higher hydraulic conductivity.
(5) Through the comprehensive test results, the mechanism of the proposed skeleton-building method can be explained as follows. Coal gangue initially formed soil skeleton at the initial stage of the curing. As the curing continued, the cement started hydration reaction and generated nucleation between the CSH and hydration product (e.g., calcium hydroxide), which also encapsulated some clay particles. This process filled some of the mesopores and resulted in reductions in the pore volumes and specific surface area of the mesopores. Part of the calcium hydroxide produced in the hydration reaction process reacted with the carbon dioxide in air and produced insoluble calcium carbonate, which filled some of the mesopores and resulted in decreases in the pore volumes of the mesopores. During the curing period, cement reacted with water in the clay and resulted in drying shrinkage, which also led to reductions in the pore sizes of the solidified sludge. There might be cracking due to drying shrinkage, which could potentially increase the pore sizes and total pore volume.
(6) The municipal sewage sludge solidified with coal gangue, cement, and clay using the skeleton-building method, when properly designed (e.g., Sample, 4, 7, and 8), has low cost, high shear strength, low hydraulic conductivity, and high resistance to cracking caused by drying shrinkage, which can be used in the structure of landfill liner.
